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Abstract 

The  electrochemical  behavior  of  an  all  solid-state  Li/Li  vMn02  polymer  cell  was  evaluated  by  using  three  kinds  of  polymer-electrolytes  in 
the  composite  positive  electrodes.  The  discharge-rate  capability  and  cycle  life  was  significantly  improved  by  using  low-molecular  weight 
polymer-electrolyte.  It  was  confirmed  that  the  improvement  is  due  to  the  smaller  charge  transfer  resistance  between  a  polymer-electrolyte/ 
cathode  material  interface,  and  the  compatibility  of  polymer-electrolyte  toward  the  cathode  material  is  much  more  direct  than  the  ionic 
conductivity  of  the  polymer-electrolyte  in  the  effects  on  its  rate  capability  and  cyclability.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

One  of  the  most  interesting  and  challenging  goals  in 
lithium  battery  technology,  especially  for  electric  vehicle 
applications,  is  the  use  of  a  metallic  lithium  anode  (negative 
electrode)  and  a  solid  polymer-electrolyte  (SPE)  instead  of  a 
carbon  anode  and  a  liquid  electrolyte,  i.e.  advancing  from  a 
liquid  electrolyte  lithium-ion  battery  (LIB)  to  an  all  solid- 
state  lithium/polymer  battery  (LPB)  because  of  its  absence 
of  risk  for  leakage  of  liquid  electrolyte,  higher  energy 
density,  and  shape  flexibility  compared  to  other  systems. 
Hydro-Quebec  has  developed  the  LPB  technology  under 
United  States  Advanced  Battery  (USABC)  contract  since 
1993,  and  shown  success  at  the  cell  level  with  respect  to 
power  and  energy  performance  requirements  established  by 
the  USABC  for  electric  vehicle  (EV)  application.  Recently, 
the  EV-LPB  cell  has  been  successfully  adapted  to  hybrid- 
electric  vehicle  (HEV)  requirements  and  is  now  under 
contract  with  the  partnership  for  a  new  generation  of  vehi¬ 
cles  (PNGV)  [1].  Armand  et  al.  first  proposed  the  concept  in 
1979  [2].  In  recent  years,  most  efforts  have  been  devoted  to 
the  development  and  improvement  of  electrolyte  ionic  con¬ 
ductivity  for  such  batteries  [3-8].  In  contrast,  very  little 
research  has  addressed  the  performance  of  the  whole  LPB 
system,  which  consists  of  a  metallic  lithium  anode,  polymer- 
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electrolyte  separator,  and  a  transition  metal  oxide  composite 
electrode,  e.g.  the  relationship  between  the  rate  capability, 
cycle  life  and  the  polymer  type.  Currently,  a  high-perfor¬ 
mance  solid-state  polymer-electrolyte  has  an  ionic  conduc¬ 
tivity  as  high  as  10  3  S/cm  order  at  elevated  temperature 
(60°C),  which  is  close  to  the  value  of  the  gel-polymer- 
electrolyte  used  in  the  current  commercial  polymer  LIB. 
However,  a  solid-state  LPB  usually  has  poorer  rate  cap¬ 
ability  than  a  gel-polymer-electrolyte  LIB.  It  is  very  impor¬ 
tant  to  clarify  what  factors  determine  the  battery 
performance  of  a  solid-state  LPB.  The  high  ionic  conduc¬ 
tivity,  of  course,  is  of  primary  importance  to  achieve  a  high- 
performance  battery.  In  the  present  work,  we  have  used 
various  polymer-electrolytes,  which  vary  in  mechanical 
properties,  ionic  conductivity,  and  viscosity,  in  the  compo¬ 
site  electrode  to  adjust  the  compatibility  toward  the  cathode 
material  (polymer/cathode  interface).  The  effect  of 
employed  polymer  type  on  the  cell  rate  capability  and  cycle 
life  was  evaluated,  specially,  the  factor  limiting  the  cell 
discharge  capacity.  As  our  final  goal,  we  hope  to  contribute 
to  the  design  and  preparation  of  a  more  promising  solid-state 
polymer-electrolyte  for  LPB. 

2.  Experimental 

The  polymer-electrolyte  used  as  the  electrolyte  separator 
was  a  high-molecular-weight  branched  polyethylene  oxide- 
co-2-(2-methoxyethoxy)ethyl  glycidyl  ether-co-allylglycidyl 
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ether]  (P(EO/EM-2/AGE),  Mw  «  106,  Daiso  Co.  Ltd.)  con¬ 
taining  lithium  bis(triflouoromethyl  sulfonyl)imide  (LiN- 
(CF3S02)2).  The  EO/Li  (ethylene  oxide/lithium)  ratio  was  20. 

Three  kinds  of  polymer-electrolytes  were  used  in  the 
composite  positive  electrode:  (1)  poly  [ethylene  oxide-co- 
2-(2-methoxyethoxy)ethyl  glycidyl  ether]  (P(EO/EM-2), 
Mw  ss  106,  Daiso  Co.  Ltd.);  (2)  an  equi-weight  mixture  of 
the  P(EO/EM-2)  and  a  low-molecular-weight  poly(ethylene 
glycol)  (PEG)  (Afw  «  2000,  Wako  Chemical  Co.  Ltd., 
Japan);  and  (3)  PEG  containing  LiN(CF3S02)2-  The  EO/ 
Li  ratio  was  20. 

The  positive  electrode  material,  Li0.33MnO2  (hereafter 
Li0  33MnO2  is  expressed  simply  as  LivMn02),  was  prepared 
by  the  same  procedure  as  reported  previously  [9,10]. 

The  composite  positive  electrodes  were  prepared  by  coat¬ 
ing  slurries  of  65  wt.%  LicMn02,  5  wt.%  carbon  black,  and 
30  wt.%  polymer-electrolyte  on  Al  foil.  After  coating,  the 
electrodes  were  dried  at  80°C  to  remove  the  solvent  before 
pressing.  The  electrodes  were  cut  into  sheets  1  cm2  in  area, 
vacuum-dried  at  130°C  for  24  h,  and  weighted.  The  typical 
weight  load  of  active  material  is  about  5  mg/cm2.  For  the  test 
in  liquid  electrolyte,  the  electrode  was  prepared  by  the  same 
procedure  as  that  described  above.  Typical  component  weight 
percentages  in  the  composite  electrode  were  85%  active 
material,  5%  carbon  black,  and  10%  polyvinylidene  fluoride 
(PVDF).  The  electrolyte  solution  was  1  M  LiPF6-ethylene 
carbonate  (EC)/dimethyl  carbonate  (DMC)  (1:2  in  volume). 

The  evolution  of  the  internal  resistance  of  the  Li/SPE/ 
LiAMn02  cell  upon  charge/discharge  cycling  was  investi¬ 
gated  by  ac  impedance  spectroscopy.  The  ac  impedance 
experiments  were  carried  out  using  an  EG&G  PAR  poten- 
tiostat  coupled  with  a  model  1250  frequency  response 
analyzer  controlled  by  a  computer.  The  impedance  spectra 
were  normally  recorded  from  100  kHz  to  0. 1  Hz,  and  the  ac 
oscillation  amplitude  was  5  mV. 

Li/LitMn02  cells  containing  both  the  liquid  electrolyte 
and  solid-state  polymer-electrolyte  or  a  symmetrical  Li/ 
SPE/Li  cell  were  characterized  in  CR2032  coin- type  hard¬ 
ware.  All  cells  were  assembled  in  a  dry  room. 

3.  Results  and  discussion 

3.1.  Li/SPE/LixMn  02 

A  composite  cathode  in  the  lithium-polymer  battery  is 
generally  a  composite  consisting  of  active  material,  carbon 


to  enhance  electronic  conductivity,  and  a  polymer-electro¬ 
lyte.  The  polymer-electrolyte  in  the  composite  electrode  acts 
as  a  binder  and  provides  ionic  conductivity.  Therefore,  a 
high  ionic  conductivity  and  a  large  redox  stability  window 
toward  the  cathode  material  in  the  composite  electrode  are 
the  basic  requirements  for  achieving  a  high-performance 
LPB.  For  the  polymer-electrolyte  used  in  the  composite 
cathode,  Xia  et  al.  have  demonstrated  that,  in  addition  to 
a  high  ionic  conductivity  and  high  oxidation  potential,  a 
good  compatibility  between  the  polymer-electrolyte  and 
cathode  material  is  required  to  ensure  good  interfacial  mass 
transport  [10].  Herein,  three  kinds  polymer-electrolyte  were 
selected  for  use  in  the  composite  electrode:  (1)  P(EO/EM-2) 
(Type  I);  (2)  an  equi-weight  mixture  of  P(EO/EM-2)  and 
PEG  (Type  II);  and  (3)  PEG  (Type  III)  with  LiN(CF3S02)2. 
The  ionic  conductivity  at  60°C  of  all  three  kinds  of  polymer- 
electrolytes  is  10~3  S/cm  order,  slightly  larger  than  that  of 
the  polymer-electrolyte  used  as  an  electrolyte  separator 
(5  x  10~4  S/cm).  The  ionic  conductivity  is  in  the  following 
order:  Type  III  >  Type  II  >  Type  I  (within  the  same  order). 
Table  1  summaries  some  properties  of  these  polymer-elec¬ 
trolytes. 

Fig.  1  compares  the  charge/discharge  curves  of  a  Li/SPE/ 
LixMn02  cell  at  various  rates.  Cell-A  contains  Type  I 
polymer-electrolyte  in  the  composite  positive  electrode, 
cell-B  with  Type  II,  and  cell-C  with  Type  III.  Cells  were 
discharged  to  2.0  V  at  various  discharge-rates  varying  from 
0.05  to  0.8  mA/cm2.  The  charge  current  density  was  always 
set  at  0.1  mA/cm2.  For  cell- A,  a  large  electrode  polarization 
was  observed.  A  minor  difference  in  the  ionic  conductivity 
of  the  polymer-electrolyte  incorporated  into  the  composite 
electrode  could  not  result  in  such  a  big  difference.  Fig.  2 
shows  plots  of  the  discharge  capacities  versus  the  current 
density.  The  existence  of  two  regions  is  clearly  observed  on 
all  cells.  In  the  low-current  region,  the  discharge  capacity 
decreases  slowly  as  the  discharge  current  density  increases. 
In  the  high-current  region,  the  capacity  decreases  faster  with 
an  increasing  discharge  current  density.  The  relationship 
between  delivered  capacity  (C)  and  current  density  (i)  of 
each  cell  in  two  regions  can  be  fit  into  an  exponential 
function,  C  =Ai~k,  as  summarized  in  Table  1.  It  definitely 
shows  that  the  limiting  current  depends  on  the  employed 
polymer-electrolyte  type  (break  points  in  the  curves).  The 
values  are  0.25,  0.35,  and  0.45  mA/cm2  for  the  cell-A,  -B, 
and  -C,  respectively.  Fig.  3  shows  cycling  performance  of  all 
above  three  cells.  All  cells  were  charged/discharge  at  current 


Table  1 

The  relationship  between  the  discharge  capacity  and  current  density  of  Li/LiJCMn02  cells 


Cell 

Ionic  conductivity 

Limiting  current 

Low-current 

High-current 

(60°C)  (S/cm) 

(mA/cm2) 

region  C  —  Ai~kl 

region  C  —  Ai~kl 

Li/1  M  LiPF6-EC/DMC/LivMn02 

1.0 

0.086 

0.086 

Li/SPE/LitMn02  [P(EO/EM-2)]20LiN(CF3SO2)2 

ur3 

0.25 

0.213 

0.539 

Li/SPE/LitMn02[P(EO/EM-2)-PEG]2oLiN(CF3S02)2 

3  x  1(T3 

0.35 

0.184 

0.659 

Li/SPE/LitMn02  PEG20LiN(CF3SO2)2 

5  x  1(T3 

0.45 

0.162 

1.344 
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Fig.  1.  Typical  charge/discharge  curves  of  a  Li/SPE/LirMn02  cell 
containing  (cell-A)  P(EO/EM-2),  (cell-B  )  an  equi-weight  mixture  of  P(EO/ 
EM-2)  and  PEG,  and  (cell-C)  PEG  polymer-electrolyte  in  the  composite 
cathode  at  various  rates  between  2.0  and  3.5  Vat  60°C;  (a)  0.05,  (b)  0. 1 ,  (c) 
0.15,  (d)-(j)  from  0.2  to  0.8  mA/cm2  by  a  step  of  0.1  mA/cm2. 

rate  of  0.15  mA/cm2  between  2.0  and  3.5  V.  The  results  in 
Fig.  3  tells  that  cell-A  has  the  poorest  cyclability,  cell-C 
shows  the  best  one.  We  are  interested  in  finding  out  what 
factors  resulting  in  the  battery  performance  differences  of 
above  the  three  cells. 

For  a  true  solid-state  polymer  cell  based  on  a  metallic 
lithium  anode  and  a  transition  metal  oxide  intercalated 
cathode,  the  cell  discharge  process  consists  of  the  following 
steps:  charge  transfer  of  Li+  at  the  polymer-electrolyte/ 
lithium  interface,  transportation  of  Li+  in  the  polymer- 
electrolyte,  charge  transfer  at  the  polymer-electrolyte/active 
material  interface,  and  diffusion  of  Li+  into  the  lattice  of  the 
inserted  electrode.  Any  of  the  steps  could  become  the  rate¬ 
determining  step  that  governs  the  cell  discharge  process. 

3.2.  Polymer-electrolyte 

It  is  generally  accepted  that  the  poor  rate  capability  of  a 
true  lithium-polymer  battery  is  due  to  the  low  ionic  con¬ 
ductivity  of  the  polymer-electrolyte.  We  were  initially  inter¬ 
ested  in  clarifying  the  limiting  current  flowing  through  the 
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Fig.  2.  Correlation  between  specific  capacity  and  discharge  current 
density  of  Li/SPE/LixMn02  cells.  Data  were  taken  from  Fig.  1. 
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Cycle  number 

Fig.  3.  Cycle  life  of  all  solid-state  Li/SPE/LixMn02  cells  at  60°C.  Cell  was 
charged/discharged  in  2. 0-3. 5  V  at  current  density  of  0.15  mA/cm2. 
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Fig.  4.  Voltage  profile  of  a  symmetric  Li/SPE/Li  cell  during  galvanostatic 
pluses  for  0.5  h  at  60°C;  (a)  0.05,  (b)  0.1,  (c)  0.15,  (d)-(j)  from  0.2  to 
0.8  mA/cnr  by  a  step  of  0.1  mA/cm2. 


electrolyte.  Fig.  4  shows  the  voltage  evolution  of  a  sym¬ 
metric  cell  Li/SPE/Li  during  the  application  of  constant 
current  pulses  from  0.05  to  0.8  mA/cm2  for  0.5  h  at  60°C. 
The  ionic  conductivity  of  the  polymer-electrolyte  is 
5  x  10~4  S/cm  at  60°C,  and  the  thickness  is  ca.  50  pm. 
When  the  applied  current  was  <0.5  mA/cm2,  after  an  initial 
jump  due  to  an  ohmic  drop,  the  cell  voltage  stabilized  and 
maintained  a  constant  value.  This  is  explained  by  the  fact 
that  lithium-ions  transport  fast  enough  to  support  lithium- 
ion  dissolution/deposition  on  an  electrode.  Cell  performance 
is  probably  limited  by  the  charge  transfer  at  the  polymer/ 
lithium  interface.  When  the  current  is  >0.5  mA/cm2,  it 
shows  a  sloped  voltage  curve,  especially,  at  0.8  mA/cm2. 
The  absence  of  a  constant  voltage  plateau  is  due  to  too  slow 
ion  transportation  through  the  polymer-electrolyte.  Thus,  the 
cell  performance  was  governed  by  the  electrolyte  ionic 
conductivity.  Fig.  5  shows  a  plot  of  potential  versus 


Fig.  4. 


charge/discharge  current  (data  were  taken  from  Fig.  4).  A 
good  linear  relation  between  cell  voltage  and  current  was 
found  at  a  current  <0.5  mA/cm2. 

The  above  results  reveal  that  a  current  as  large  as  0.5  mA/ 
cm2  could  flow  through  the  polymer-electrolyte  without 
being  limited  by  the  ionic  conductivity.  This  does  not  mean 
that  the  current  flowing  through  the  electrolyte  can  be 
sustained  forever.  It  behaves  in  a  manner  similar  to  a  liquid 
electrolyte,  as  demonstrated  by  the  Sand  equation:  when  a 
constant  current  (i)  is  applied  to  the  cell  after  a  certain 
amount  of  time  (t),  the  voltage  will  suddenly  increase  due  to 
the  establishment  of  a  concentration  gradient  in  the  electro¬ 
lyte.  The  relationship  between  the  current  and  time  can  be 
described  by  the  well-known  Sand  equation  [11]: 

ir1/2  =  0.5nFDl/2n1/2C*0 

where  F  is  the  Faraday  constant,  Cq  the  concentration  of  the 
electrolyte,  n  the  number  of  equivalents  of  electrons  trans¬ 
ferred,  and  D  the  diffusion  coefficient  of  Li 1 .  The  above 
equation  tells  that  the  larger  the  current  passes  through,  the 
shorter  the  time  it  will  take.  The  amount  of  charge  passed 
through  the  electrolyte  (Q),  is  proportional  to  the  inverse  of 
the  current  ( Q  =  h  =  ki  '  )•  Fig.  6  shows  the  voltage  beha¬ 
vior  of  a  symmetric  Li/SPE/Li  cell  during  the  application  of 
various  constant  currents  for  10  h.  The  sudden  potential 
increase  was  not  detected  as  Sand  equation  predicted  within 
8  h  at  a  current  <0.4  mA/cm2,  and  5  h  at  0.5  mA/cm2.  In 
principle,  it  is  possible  to  access  the  limiting  capacity  by 
discharging  the  cell  at  a  low-current  for  a  long  time  or  at  a 
high-rate  for  less  time.  The  results  in  Fig.  6  clearly  reveals 
that  the  current  of  0.5  mA/cm2  can  flow  through  the  elec¬ 
trolyte  for  at  least  5  h,  giving  rise  to  a  limiting  capacity  to 
2.5  mAh/cm2  or  more,  which  is  much  larger  than  0.8  mAh/ 
cm2,  which  is  the  maximum  capacity  delivered  by  the  Li/ 
SPE/LiMnCL  cell  mentioned  above  (typical  mass  loading  of 
active  material  in  the  present  work  was  normally  5  mg/cm2, 
and  LivMn02  delivered  an  initial  capacity  of  160  mAh/g  in 


Fig.  6.  Voltage  profile  of  a  symmetric  Li/SPE/Li  cell  during  galvanostatic 
pluses  for  10  h  at  60°C;  (a)  0.05,  (b)  0.1,  (c)  0.2,  (d)  0.4,  and  (e)  0.5  mA/cm2. 
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the  present  work).  Therefore,  we  believe  that,  within  current 
<0.5  mA/crn2,  both  the  limiting  current  and  limiting  capa¬ 
city  of  the  polymer-electrolyte  is  not  the  main  factors 
limiting  the  battery  profile  of  Li/SPE/LivMn02  cell. 

It  is  now  fairly  well-known  that  a  major  problem  for 
rechargeable  lithium  batteries  using  organic  solvents  in  the 
electrolyte  and  lithium  metal  as  the  anode  is  the  relatively 
poor  cycling  efficiency  of  lithium  as  a  result  of  dendritic 
growth  during  charge/discharge  cycling.  Significant 
improvement  of  the  lithium  metal  anode  cycle  efficiency 
was  found  when  lithium  was  in  contact  with  a  solid-state 
polymer-electrolyte  because  polymer-electrolytes  have  rela¬ 
tively  slower  reaction  kinetics  with  lithium  metal.  However, 
it  is  noteworthy  that  improvement  does  not  mean  that 
dendritic  growth  is  absolutely  absent.  As  curves  d,  e  shown 
in  Fig.  6,  when  a  current  of  0.4  mA/cm2  was  applied  for  ca. 
8  h,  a  sudden  voltage  drop  from  0.2  to  0  V  versus  Li/Li+,  and 
4.5  h  at  0.5  mA/cm2  from  0.3  to  0  V,  were  observed.  This  is 
due  to  the  formation  of  lithium  dendrite  during  charge 
(lithium  plating),  which  further  destroys  the  separator  and 
causes  the  cell  to  short.  Herein,  we  can  not  claim  that  we 
have  determined  the  precise  current  density  and  time  of  the 
lithium  dendrite  formation  in  the  polymer-electrolyte.  It 
depends  on  many  factors,  e.g.  polymer-electrolyte  type, 
operating  temperature,  film  thickness,  etc.  It  can  be  expected 
that,  the  thicker  the  electrolyte  film,  the  smaller  current  will 
be,  the  longer  time  it  will  take  to  form  lithium  dendrite  to 
cause  cell  to  short.  For  a  polymer-electrolyte  film  with  ionic 
conductivity  of  5  x  1 0  4  S/cm  and  50  pm  in  thickness,  the 
limiting  current  allowing  pass  through  the  electrolyte  film  is 
of  0.5  mA/cm2,  and  can  last  5  h.  If  the  Li/SS  PE/Li  ,M  n02  is 
designed  to  charge  at  1  C  rate  (0.5  mA  in  1  h),  the  active 
material  mass  loading  is  estimated  to  be  3  mg/cm2.  To  obtain 
a  much  high  charge  rate,  it  should  reduce  both  the  polymer- 
electrolyte  film  and  the  composite  cathode  thickness.  The 
results  demonstrate  that,  for  a  metallic  lithium-based 
rechargeable  battery,  the  charge  rates  have  to  be  controlled. 
This  is  quite  different  from  the  behavior  of  current  com¬ 
mercial  lithium-ion  batteries,  which  could  be  charged/dis¬ 
charged  at  the  same  rate. 

3.3.  Li/LixMn02  in  liquid  electrolyte 

As  described  above,  the  current  flowing  through  a  solid- 
state  polymer-electrolyte  was  limited  <0.5  mA/cm2.  In 
contrast  to  that,  both  the  lithium-ions  transport  in  the  liquid 
electrolyte,  and  the  charge  transfer  in  the  liquid  electrolyte/ 
electrode  interface  are  quite  fast.  The  rate  capability  of  a 
cell,  for  instance,  of  Li/Li  vMn02,  is  greatly  influenced  by  the 
diffusion  rate  of  Li 1  in  the  lattice  of  LiJVlnCL.  The  diffusion 
coefficient  of  Li+  in  LivMn02  is  reported  to  be  ca.  1 0  9  to 
10“ 11  cm2/s  [9].  The  time  for  a  full  discharge  can  be 
estimated  according  to  the  relationship 
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Fig.  7.  Typical  charge/discharge  curves  of  a  Li/  LfiMnOi  cell  in  1  M 
LiPF6-EC/DMC  (1:2  in  volume)  at  various  rates  between  2.0  and  3.5  V  at 
25  C;  (a)  0.05,  (b) — (k)  from  0.1  to  1.0  mA/cm2  by  a  step  of  0.1  mA/cm2, 
(1)  1.2,  and  (m)  1.5  mA/cm2. 

where  r  is  the  radius  of  the  LiJVInCF.  The  average  aggre¬ 
gated  particle  size  of  Li,.Mn02  was  ca.  5  pm  determined  by 
scanning  electronic  microscopy,  thus,  the  LivMn02  can  be 
fully  discharged  in  2500  s  or  less,  indicating  that  Li,Mn02 
can  be  discharged  at  least  at  a  1  C  rate,  for  an  example  of 
5  mg/cm2  LiTMn02  composite  electrode,  0.8  mA/cm2 
allows  to  pass  through.  The  specific  surface  area  was 
25  m2/g  by  BET  method.  The  particle  size  can  be  estimated 
from  the  specific  surface  area  according  the  following 
equation: 


pr 


where  A  is  the  specific  surface  area,  and  p  the  bulk  density  of 
the  compound.  Assuming  that  the  value  of  Mn02  is  4.7  g/ 
cm3,  the  estimated  particle  sizes  are  0.025  pm.  This  is  quite 
different  from  the  value  detected  by  SEM,  suggesting  a 
number  of  micropores  existed  on  the  LivMn02  material. 
Fig.  7  shows  the  charge/discharge  curves  of  Li/LivMn02  in 
the  liquid  electrolyte  at  various  current  rates.  The  cell 
delivers  a  capacity  of  1 80  mAh/g  at  0.05  mA/cm2  and 
120  mAh/g  at  1.5  mA/cm2.  Fig.  8  shows  a  plot  of  the 
discharge  capacity  versus  the  discharge  current  rate.  In 
the  current  range  <1.0  mA/cm2,  the  relationship  between 
the  capacity  and  the  current  can  be  fitted  well  into 
C  =  Ai~01.  This  suggests  that  the  limiting  current  due  to 
lithium-ion  diffusion  is  1  mA/cm2  or  more. 

All  above  findings  reveal  that  a  the  current  flow  through 
the  Li/polymer-electrolyte  interface  could  be  limited  up  to 
0.5  mA/cm2  and  the  limiting  capacity  allowing  flow  is  at 
least  >2.5  mAh/cm2.  The  current  limiting  the  capacity  due  to 
lithium-ion  diffusion  in  the  LivMn02  is  as  large  as  1  mA I 
cm2.  Therefore,  we  can  exclude  the  possibility  of  the  above 
factors  limiting  the  capacity  of  Li/SPE/LirMn02  in  the  low- 
current  region.  Alternatively,  the  charge  transfer  between 
the  active  material/polymer-electrolyte  interface  governs  the 
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Current  density  (mA/cm2) 

Fig.  8.  Correlation  between  specific  capacity  and  discharge  current 
density  of  Li/liquid  e I ectr'o I y  te/L i ,  M n 0,  cell.  Data  were  taken  from  Fig.  7. 


cell  charge/discharge  process,  resulting  in  smaller  limiting 
current  in  Li/SPE/Li^MnOa  cell  (<0.45  mA/cm2). 

To  confirm  further,  the  above  suggestion,  the  difference  in 
the  interface  charge  transfer  resistance  among  the  three 
kinds  of  polymer-electrolytes  incorporated  in  the  cathodes 
was  further  clarified  by  an  ac  impedance  measurement.  This 
was  performed  by  monitoring  changes  in  cell  resistance 
before  and  after  charge/discharge  cycling.  Typical  impe¬ 
dance  spectra  are  shown  in  Fig.  9.  One  dispersed  semicircle 
was  detected.  The  total  cell  impedance  could  be  considered 
the  bulk  electrolyte  (both  in  the  separator  and  composite), 
the  Li/electrolyte  interface  impedance,  and  the  cathode 
material/electrolyte  interface  impedance.  The  resistance 
of  the  bulk  electrolyte  and  Li/polymer  interface  can  be 
considered  the  same.  Apparently,  cell-A  shows  a  larger 
interface  resistance  between  the  cathode  material/electro¬ 
lyte.  After  cycle,  it  also  shows  a  much  greater  change, 
whereas  it  does  not  occur  in  cell-C.  In  the  case  of  a 
solid-polymer-electrolyte,  the  electrolyte  is  unable  to  pene¬ 
trate  into  the  pores  of  the  grain  of  active  material,  especially 
for  low  temperature  synthesized  materials  with  a  high 
porosity  and  high  surface  area;  this  is  unlike  the  case  of  a 
lithium  battery  using  a  liquid  electrolyte,  which  can  pene¬ 
trate  into  the  electrode  pores.  Moreover,  the  cathode  material 
will  undergo  volume  changes  during  charge/discharge 
cycles,  accompanied  by  microscopic  morphological 
changes  of  the  polymer-electrolyte.  The  results  obviously 
reveal  that  the  charge  transfer  between  a  cathode/polymer- 
electrolyte  is  much  more  direct  than  the  ionic  conductivity  of 
the  polymer  electrode  in  its  effect  on  its  rate  capability  and 
cyclability.  However,  when  the  applied  current  is  large  up  to 
a  definite  extent,  e.g  >0.5  mA/cm2,  the  transport  of  Li+  in 
the  polymer-electrolyte  (in  the  composite  electrode  or  the 
electrolyte  separator)  most  likely  becomes  the  rate-deter¬ 
mining  step  that  governs  the  cell  discharge  process. 

Finally,  we  addressed  briefly  the  issue  of  how  to  select  the 
polymer-electrolyte  in  order  to  achieve  a  high-performance 


Fig.  9.  The  ac  impedance  spectra  of  Li/SPE/LixMn02  cell  containing 
various  polymer  matrices  in  the  composite  cathode  at  (A)  OCV  state  and 
(B)  after  cycle  at  60°C:  (a)  PEG,  (b)  an  equi-weight  mixture  of  PEG  and 
P(EO/EM-2),  and  (c)  P(EO/EM-2). 


battery.  A  high  ionic  conductivity  is  of  primary  importance. 
Improvement  of  the  ionic  conductivity  of  the  PEO-based 
electrolytes  has  been  suggested  as  follows:  ( 1 )  preparation  of 
cross-linked  polymer  networks,  random,  block  or  comb-like 
copolymers  with  short  chains  of  ethylene  oxide  (Type  I);  (2) 
utilization  of  organic  plasticizers  (Type  II),  and  (3)  prepara¬ 
tion  of  an  inorganic-organic  composite  electrolyte  (Type 
III).  Among  these  systems  with  improved  conductivity, 
some  show  an  increase  without  a  reduction  in  their  mechan¬ 
ical  properties,  such  as  Types  I  and  III,  and  the  others,  such 
as  Type  II,  suffer  from  poor  mechanical  strength.  Consider¬ 
ing  all  above,  a  polymer-electrolyte  with  a  slightly  low 
viscosity  or  flexibility  is  more  preferable  for  use  in  a 
composite  cathode,  such  as  a  polymer-electrolyte  modified 
by  an  organic  plasticizer,  whereas  high-molecular  weight 
and  good  mechanical  strength  are  required  for  use  as  an 
electrolyte  separator. 

An  optimal  cell,  e.g.  using  a  high-molecular-weight 
branched  P(EO/EM- 2/AGE)  as  electrolyte  separator,  and 
a  low-molecular-weight  PEG  in  the  positive  composite 
electrode,  shows  an  excellent  battery  performance.  Fig.  10 
gives  cycle  profile  of  such  Li/SPE/LivMn02  cell  at  current 
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Fig.  10.  Cycle  life  of  all  solid-state  Li/SPE/LivMn02  cells  cycled  in  2.5- 
3.6  V  with  80%  DOD  at  60  C.  The  charged/discharged  current  density  was 
0.15  mA/cm2. 

rate  of  (1/3)  C  with  80%  depth  of  discharge  (DOD).  The  cell 
could  charge/discharge  over  1000  cycles,  and  keep  50%  of 
initial  capacity. 

4.  Conclusions 

In  this  work,  we  have  compared  the  electrochemical 
behavior  of  all  solid-state  polymer  Li/Li, MnOa  cells  by 
using  three  kinds  of  polymer-electrolytes  incorporated  into 
the  composite  positive  electrode.  The  discharge-rate  cap¬ 
ability  and  cycle  life  were  significantly  improved  by  using 
low-molecular  weight  polymer-electrolyte.  The  results  of 
the  relationship  between  the  discharge  capacity  and  dis¬ 
charge-rate  show  the  existence  of  two  capacity-current 
regions.  In  the  low-current  region,  the  limiting  current 
was  smaller  than  that  allows  flowing  into  an  electrolyte, 
and  varied  in  the  employed  electrolyte  type,  suggesting  that 


the  cell  discharge  capacity  is  governed  by  the  charge  transfer 
of  a  polymer-electrolyte/active  material  interface.  The  com¬ 
patibility  of  polymer-electrolyte  toward  the  cathode  material 
is  much  more  direct  than  the  ionic  conductivity  of  the 
polymer-electrolyte  in  the  effects  on  its  rate  capability 
and  cyclability.  This  finding  may,  therefore,  provide  assis¬ 
tance  in  the  design  and  development  of  polymer-electrolytes 
for  a  high-performance  solid-state  lithium/polymer  batteries. 
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